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Abstract 
In this study, the self-diffusion coefficients of carbon monoxide in the Cu-BTC nanoporous have been studied by molecular 
dynamics simulation. Metal-organic framework (MOF) materials pose an interesting substitute to more traditional nanoporous 
materials for a variety of separation processes. Separation processes including nanoporous materials can be controlled by two 
factors: diffusive transport rates and adsorption equilibrium. Adsorption equilibrium has been studied for some of gases in MOFs, 
but almost nothing is about molecular diffusion rates in MOFs. One of the known MOF is Cu-BTC that is formed of copper as 
metal center and benzene-1, 3, 5–tricarboxylate as linker molecule. The MD simulations have been carried out in the NVT and 
NVE ensemble. For simulation equilibration of the system at the desired temperature, an NVT simulation is used and for 
computing the self-diffusion coefficient, the ensemble is switched to NVE. The simulations have been performed at 100, 150, 
200, 250, 298, 350, 400, 450 and 500 K with loading of 40 guest molecules per unit cell. The Mean square displacement, self-
diffusion coefficient and activation energy have been calculated in total and in the X, Y and Z direction. The calculated MSD for 
the center of mass of the carbon monoxide molecules in the X, Y and Z-directions shows that the motion of carbon monoxide is 
homogeneous in the Cu-BTC and there is isotropic translational diffusion for carbon monoxide in the Cu-BTC. The calculated 
self-diffusion coefficients increase as temperature is increased. We use the Arrhenius equation to calculate the activation energy. 
The calculated activation energy is 4.43 kJ.mole-1. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
Keywords: Nonporous materials; Cu-BTC; Carbon monoxide; Molecular dynamics simulation; Self-diffusion coefficients. 
 
 
* Corresponding author. Tel.: +98 3518122646; fax: +98 3518210644.  
 E-mail address: fallahi@stu.yazd.ac.ir 
 015 Published by Elsevier Ltd. This i  an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of UFGNSM15
450   F. Fallahi and H. Mohammadi-Manesh /  Procedia Materials Science  11 ( 2015 )  449 – 453 
1. Introduction 
The study of MOFs developed from the study of zeolites, except for the use of preformed ligands. MOFs and 
zeolites are produced almost exclusively by hydrothermal or solvothermal techniques, where crystals are slowly 
grown from a hot solution. In contrast with zeolites, MOFs are constructed from bridging organic ligands that 
remain intact throughout the synthesis, Cheetham et al. (1999). 
The diffusion of gases in metal organic-framework (MOF) materials is an important property in determining the 
suitability of a material for industry adsorption or separation, Li et al. (2011). 
Metal organic frameworks are materials that have a good permeability and high void volumes. These are 
precisely the qualities needed for catalysis, separation and storage-release applications. In the past ten years, the 
interest in Metal organic frameworks has grown dramatically and a number of recent review articles cover the 
various aspects of this field of hybrid inorganic-organic materials, Fajula et al. (2005), Ouja (2008), Rosseinsky 
(2004). 
The metal organic framework used in that work is Cu-BTC also called HKUST-1. Cu-BTC [Cu3 (BTC)2, BTC = 
1, 3, 5-benzenetricarboxylate] is a widely MOF. It was first reported by Chui et al. (1999). Most of the simulation 
studies done so far consist of the study of the behavior of small molecules such as methane, carbon dioxide, argon or 
hydrogen inside metal organic frameworks. However, molecular simulation of diffusion of small molecules inside 
metal organic frameworks is still in its early stages, Düren et al. (2004), Sarkisov et al. (2004). 
In this paper, we calculated dynamical properties such as Mean square displacement, self-diffusion coefficient 
and activation energy. Molecular dynamics simulations are performed to study the guest behavior at loading 40 and 
different temperatures (100, 150, 200, 250, 298.15, 350, 400, 450 and 500). 
2.  Method 
Molecular dynamics is a way to integrate Newton's second law, also called Newton's equation of motion. This 
integration leads to a trajectory that describes how the positions and velocities of the atoms in the system vary with 
time. In this work we have used DLPOLY 2.18 to perform all molecular dynamics simulations, Mohammadi-
Manesh et al. (2013). We utilized a 2 × 2 × 2 MOF unit cell stack, Cabrales-Navarro et al. (2013). The unit cell of 
the structure was defined as a=b=c=26.285 Å. In this work, Cu-BTC MOF framework is kept fixed and CO 
molecules are allowed to move during the simulation. The interaction between guest–guest, guest–MOF and MOF–
MOF have been calculated as the sum of 12–6 Lennard–Jones (LJ) and Columbic potentials. 
ܷሺݎ௜௝ሻ ൌ Ͷߝ௜௝ሾሺߪ௜௝Ȁݎ௜௝ሻ̰ͳʹ െ ሺߪ௜௝Ȁݎ௜௝ሻ̰͸ሿ ൅ ݍ௜ݍ௝ȀͶߨ߳଴                        (1) 
U is the potential between the interaction species i and j at a distance rij from each other. Empirical mixing rules 
attempt to find a suitable mathematical expression capable of reproducing the experimental values for dissimilar 
interactions. Amount of σ and Ɛ, Sigma value is calculated based on the relationship Lorentz-Berthold. An 
arithmetic average is used for the collision diameter, while a geometric average is used for the well depth, Al-Matar 
and Rockstraw (2004). 
ߪ௜௝ ൌ ͳȀʹ൫ߪ௜௜ ൅ ߪ௝௝൯   (2) 
ߝ௜௝ ൌ ඥሺߝ௜௜ߝ௝௝ሻ  (1) 
Force field parameters for Cu-BTC used DREIDING except Cu, which taken from the UFF, Mayo et al. (1990), 
Rappé et al. (1992). Carbon monoxide molecule was model as rigid molecule using Lennard-Jones parameter, 
Mohammadi-Manesh et al. (2011). A simulation time step of 1 fs was used in the simulation. Simulations were 
performed at constant pressure of 1 atmosphere and cutoff of 13 Å Self-diffusion coefficient isotherm were obtained 
using NVE ensemble. The volume V, the number N and The energy E are kept fixed but before for equilibration of 
the system at the desired Temperature, an NVT simulation is used. For equilibration of the system at the desired 
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temperature, an NVT simulation with 15 × 104 steps is used and for computing the structural and dynamical 
properties, the ensemble is switched to NVE with 5.7 × 105 steps which the first 7 × 104 steps used for equilibration. 
3. Results 
3.1. Mean square displacement (MSD) 
In statistical mechanics, the mean squared displacement (MSD, also mean square displacement or average 
squared displacement) is the most common measure of the spatial extent of random motion. Einstein showed that the 
mean square displacement of a particle in a liquid grows linearly with time. For a stable solid this quantity will stay 
stable over the course of the simulation, Ouja (2008). MSD was calculated by Einstein Eq. (4). 
ۃݎሺݐሻଶۄ ൌ ۃȁݎ௜Ԧሺݐሻ െ ݎ௜ԦሺͲሻȁଶۄ   (4) 
In Eq. (4) ݎ௜Ԧሺݐሻis the position of particle i at time t. Symbol < > denotes averaging over all the atoms are 
moving. The calculated MSD for the center of mass of the carbon monoxide molecules in the X, Y and Z-directions 
are calculated shown in Fig. 1a. This figure shows that the motion of carbon monoxide is homogeneous in the Cu-
BTC and there is isotropic translational diffusion for carbon monoxide in the Cu-BTC.  
Also, the total MSD of CO in the Cu-BTC at the range of 100-500 K are calculated and shown in Fig. 1b. This 
shows MSD value increases with increasing temperature. As the temperature increases the kinetic energy of the 
molecules increases and molecules at a greater distance within the specified time.  
Fig. 1. (a) The x-, y-, and z-components of MSD for CO in Cu-BTC at 298.15 K; (b) total MSDs of CO in Cu-BTC for range of 100–500 K 
3.2. Self-diffusion coefficient 
Self-diffusion coefficient (DS) was calculated from the linear region of the plot of MSD with respect to time at 
large t. The exponent ß can be computed over a range of time scales to distinguish different behaviors. In the long 
time range where the b parameter is close to 1, the self-diffusion coefficient, DS is computed, Mohammadi-Manesh 
et al. (2013). In this work we consider the range of 50-350 ps of time simulation for calculated DS: 
ߚሺݐሻ ൌ ݀ ݈݋݃ሺοݎሺݐሻଶሻ Ȁ݀ ݈݋݃ሺݐሻ   (5) 
The diffusion coefficients as a function of temperatures is plotted and shown in Fig 2. It is observed that self-
diffusion coefficient increase as the temperature is increased. 
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Fig. 2. The temperature dependence of the self-diffusion coefficient. 
3.3. Activation energy 
Activation energy of diffusion for carbon monoxide in the Cu-BTC was calculated by Arrhenius equation: 
݈݊ܦ ൌ ݈݊ܦ଴ െ ܧ௔௖௧Ȁܴܶ  (6) 
Where D, Eact, R, T are self-diffusion coefficient, activation energy, gas constant and temperatures simulation 
respectively For calculated activation energy lnD plot as function of 1/T is plotted (Fig. 3). The slope of the graph is 
equal toܧ௔௖௧Ȁܴܶ. The result of calculated activation energies are shown in table1. 
 
Fig. 3. Arrhenius plots showing activation energy. 
 
453 F. Fallahi and H. Mohammadi-Manesh /  Procedia Materials Science  11 ( 2015 )  449 – 453 
     Table 1. The x, y, z components and total of activation energy (KJ/mole) 
Loading Etotal  Ex Ey Ez 
40 4.429 4.427 4.299 4.606 
4. Conclusions 
The diffusion properties of carbon monoxide in Cu-BTC were studied using molecular dynamic simulation. Self-
diffusion coefficient increase as temperatures increase due to carbon monoxide obtain extra energy and jump small 
octahedral cage to large cage. In large cage carbon monoxide have extra moving.  
To verify that sorption kinetics and diffusion of carbon monoxide in Cu-BTC we calculated activation energy. 
Where activation energy of diffusion for carbon monoxide was found to be around 4.44 kJ mol-1. 
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